Spalling is one of the main defects of hybrid ceramic bearings, and the localization of the spalling is hard to realize based on traditional vibration signals. This paper proposes a new localization method for spalling on the outer ring of hybrid ceramic ball bearings based on the characteristics in the sound radiation signals. The dynamic model containing the spalling is presented, and the sound radiation is obtained through the sub-source decomposition method. Cases when the spallings are located in different zones on the outer ring are studied, and the circumferential distribution of the sound radiation is analyzed in time domain and frequency domain. The localization accuracy with different indicators are compared as well as the recognition clarity, and the results are verified through experimental investigations. Results show that the spalling makes great impact on the sound radiation of the hybrid ceramic ball bearing, and the circumferential and radial distribution of the sound radiation is closely related with the location of the spalling. It is quite essential to acquire the changes of the frequency components in the sound radiation, and the radial attenuation of the amplitude of the spalling-related frequency is crucial for the accurate localization of the spalling.
I. INTRODUCTION
The development of technology makes the working conditions of rotating machines more complicated, and brings more critical requirements to the performance of bearings. The hybrid ceramic ball bearings have rings made of steel and balls made of engineering ceramic materials, such as silicon nitride and zirconia. The hybrid ceramic ball bearings have the advantages of longer service life and higher stiffness than conventional steel bearings, and are therefore widely used in fields of automotive industry, aircraft and machine tools [1] , [2] . However, there exists great difference in the hardness between rings and balls, thus leading to local spalling on the outer ring.
Spalling is a common type of fault that comes from wear, and happens extensively on the outer ring of hybrid ceramic ball bearing due to the great relative velocity [3] - [7] , see Figure 1 (a). The size of the spalling is enough to bring effect on the vibration of the bearing, and the circumferential location is usually uncertain, as shown in Figure 1(b) .
The associate editor coordinating the review of this manuscript and approving it for publication was Huawei Chen. Spallings at different locations make different impacts on the contacts between the balls and outer ring, and also have different effects on the bearing vibration and service life. The recognition and localization of the spalling on the outer ring can help monitor the running state of the hybrid ceramic ball bearing, and is of great significance to the health management.
In the past decade, many researchers have focused on the spalling recognition and localization methods, and the main methods include deep learning [8] , [9] , acoustic VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ emission (AE) methods [10] , [11] and vibration signal analysis [12] - [14] . Li et al. [15] applied the data-driven method, and proposed a deep learning-based method rolling bearing fault diagnosis method. The deep learning method is able to learn the features of the input data, but the recognition accuracy is determined by the training process, and usually takes much time. Sharma and Parey [16] developed a mathematical model of the bearing to predict the AE responses with faults. Wang et al. [17] focused on the feature extraction to recognize the feature stages of rolling bearing based on AE technique. Works done by AE techniques have proved that the method is effective at stable working conditions, but the results are less accurate at variable working conditions. Methods based on the vibration signals are the most widely used in the recognition and localization of faults, and the recognition are based on the dynamic modeling [18] - [21] . Chen and Thomas [22] built a bearing model, and proposed signal processing techniques to estimate the spalling size.
Luo et al. [23] carried out an investigation into the spall defect excitation mechanism, and proposed a model to analyze the contact between the rolling element and the spall area.
Kogan et al. [24] developed two generic and autonomous algorithms for the estimation of bearing spall width based on the vibration signals. Cui et al. [25] built the relationship between the horizontal and vertical vibration signals, and developed a localization law for the spalling on the outer ring based on the horizontal-vertical root mean square. The recognition method based on the vibration signals is more detailed, and seems to be able to provide the locations of the spalling theoretically. However, the arrangement of sensors is usually limited by the structures, and the recognition is also affected. Sound signals are obtained through non-contact measurement, and are easier accessed and more convenient for accurate localization [26] , [27] . Works by Amarnath et al. [28] and Lu et al. [29] have proved the effectiveness of fault detection based on sound signals, and the relationship between the vibration and sound radiation were also investigated in previous works [30] , [31] . A localization method of spalling on the outer ring is quite essential for the status monitoring and health management of the hybrid ceramic ball bearing. In this paper, the dynamic model with a spalling is proposed, and the sound radiation model is established based on the sub-source decomposition method. The sound signals with different spalling locations are obtained though numerical simulation, and the locations of spalling are recognized through the characteristics in the sound signals. Experiments are conducted to verify the accuracy of the localization strategy, and conclusions are drawn at last.
II. GUIDELINES FOR MANUSCRIPT PREPARATION
The contact model of the bearing with the effect of spalling is shown in Figure 2 , and the cage is not shown here.
In Figure 2 , the positions are described in coordinate system {O; X , Y , Z }, and φ j shows the azimuth angle of the jth ball. F Rξ ij and F Rηij show the friction force between the jth ball and the inner ring in plane YOZ and XOZ, and F Rξ oj and F Rηoj show the friction force between the jth ball and the outer ring, respectively. Q ij is the contact pressure between the inner ring and the jth ball, and Q oj is the contact pressure between the outer ring and the jth ball. The outer ring is placed in the pedestal, and the inner ring rotates with the shaft. T ξ ij shows the traction force by the inner ring. k ox , k oy and k oz are the contact stiffness of the pedestal in OX, OY and OZ directions, and c ox , c oz and c oy are the damping coefficients. The spalling is located at the azimuth angle of φ s , and the width of the spalling is θ s . Assuming that the outer ring has no angular displacement, and the effects of surface roughness and structural errors are neglected. When no balls are in the spalling area, the dynamic equations of the inner ring can be expressed as
where F x , F y and F z are external loads, and N is the total number of balls. m i is the mass of the inner ring, and α ij is the contact angle between the inner ring and the jth ball.ẍ i ,ÿ i , z i are accelerations along axes OX, OY and OZ, respectively. For the outer ring, there is
where α oj shows the contact angle between the jth ball and the outer ring, and m o is the mass of the outer ring. Here the shape of the spalling is regarded as a hollow with an arc section, and the ball passes through the spalling area in the way shown in Figure 3 . When the location of the spalling is confirmed, the motion of the ball can be divided into five stages: Stage 1. Before entering the spalling area, with φ j > φ s + θ s /2. The contact between the ball and the rings is not affected by the spalling, and the dynamic characteristics of the rings can be obtained through Eqs.(1)- (6) .
Stage 2. The ball starts to enter the spalling area, with φ s < φ j < φ s +θ s /2. The distance between the bearing center to the ball center increases, and the ball is out of contact with the inner ring. For a ball in stage 2, the contact force Q ij can be ignored.
Stage 3. The ball arrives at the limit position at φ j = φ s . Here the radius of the spalling is supposed to be smaller than the ball radius, and the ball cannot reach the bottom of the spalling. When the ball arrives at the position in stage 3, an impact force F j ' is added to the outer ring.
Stage 4. The ball passes the lowest point, and starts to come out of the spalling area. In the angle interval of φ s -θ s /2< φ j < φ s + θ s /2, the jth ball is not in contact with the inner ring. Stage 5. The ball comes out of the spalling, and the ball will run by the circumference until it reaches the spalling again, as in stage 1.
In general, when the ball passes through the spalling area, the forces acting on the inner ring and the outer ring have changed. For the inner ring, the force Q ij no longer exists in the spalling zone, and the number of balls N needs to be revised to (N -1) in the period of φ s -θ s /2< φ j < φ s + θ s /2. For the outer ring, the impact force when the ball arrives at the limit position at θ j = θ s in stage 3 can be shown in Figure 4 .
In Figure 4 , R o shows the bore radius of the outer ring, and R b shows the radius of the ball. F ej is the centrifugal force of the jth ball, and can be expressed as F ej = m j ω 2 R j (7) where m j shows the mass of the jth ball, and ω is the rotation speed of the bearing. R j is the rotation radius at the spalling area, and can be expressed as
As a result, when the impact forces of the balls passing through the spalling area are taken into consideration, changes occur to the dynamic equations of the outer ring as (10) and (11) , as shown at the bottom of the next page. According to the sub-source decomposition method derived in Ref. [31] , the sound radiation of the hybrid ceramic ball bearing can be regarded as the superposition result of the sound radiation from the inner ring, balls, the cage and the outer ring. It has been proved in previous works [30] , [31] that the sound radiation from the rings are dominant in the overall sound radiation, and determines the main frequency components. As a result, the superposition result of the inner VOLUME 7, 2019 ring and outer ring sound radiation is investigated, and the sound radiation can be expressed as (12) where p(x) is the sound pressure at the field point x, and here s = i, o denotes the sound source. p and v n are the surface sound pressure and the normal velocity vectors, and a and b are coefficient matrices. The surface sound pressure is related with the vibration as
where A and B are impact coefficient matrices related with surface condition and wave numbers. The sound pressure level at the field point x can be derived from the sound pressure as
where p ref = 2e-5Pa is the reference sound pressure, and the sound pressure level at the reference sound pressure is 0dB. Then the sound pressure levels of the hybrid ceramic ball bearing can be obtained through Eqs.(12)- (14) , and the distribution of sound pressure levels with different spalling locations can be investigated. For detailed derivation one can refer to Ref. [31] .
III. NUMERICAL SIMULATION
Here a comparative study on healthy bearing and bearing with outer ring spalling is conducted. According to previous research, the characteristic frequency f o appears when the spalling is taken into consideration in the model, where
where f r is the rotation frequency, d m is the pitch diameter of the bearing, and α n is the nominal contact angle of the bearing. Assuming that the shape centers of the components match with the mass centroids, and the bearing works with perfect lubrication. The impacts of the shape errors and the surface roughness are neglected, and no defects on the bearing is taken into consideration for the healthy bearing case. The bearing has the same parameters with 7003C, and the major parameters of the bearing are shown in Table1. The bearing has a rotation speed of 15000rpm, and the effect of speed fluctuation is ignored. The axial preload is set as 200N, and the radial load including the mass of the shaft, is 100N. The bearing can be considered as a sound source with the shape of cylinder, and the sound radiation is proposed to be collected by a circular sensor array. Then the sound radiation results are expressed as S = S(ψ), where ψ is the azimuth of the field point. The field points are arranged on concentric circles, with one point at the center, as shown in Figure 5 .
The dynamic characteristics of the healthy hybrid ceramic ball bearing are obtained through Eqs.(1)- (6) , and the sound radiation is acquired through Eqs.(12)- (14) . On each circle there are 30 field points evenly distributed with an angular interval of 6 degrees, and the time-domain Real Mean Square(RMS) values at the field points arranged on the circles are analyzed. Here ψ is used to represent the azimuth of the sound radiation. For the field points, the 12 o'clock direction is set as ψ = 0 • , and the angles have a clockwise arrangement. Here the plane for field points is set perpendicular to the axis of the bearing, and the axial distance from the bearing to the field point plane is 100mm. The diameters of the concentric circles are 60mm, 260mm and 460mm. For the center point, the Fast Fourier Transform(FFT) is applied to acquire the result in frequency domain. The upper limit for the analysis is 2000Hz, and the frequency step is 2Hz. The results are shown in Figure 6 . It can be seen in Figure 6 that the distributions of sound radiation tend to be slightly uneven on the circles, and the attenuation of the sound pressure levels varies in different directions. In frequency domain, there exists four main peaks in the frequency result of a healthy bearing. The peaks are f r , 2f r , 3f r and 4f r , where f r is 250Hz here. Then a spalling is considered in the model for the comparative study. The spalling is located at φ s = 270 • with a size of θ s = 4 • , and the spalling is deep enough to keep the balls from touching the bottom. Then the dynamic characteristics of the inner ring and the outer ring need to be fixed through Eqs(7)- (11) . The other parameters remain the same, and the sound radiation results are shown in Figure 7 .
As shown in Figure 7 , the sound pressure level increases when there is a spalling, and there also appears more peaks related with f o . Compared with the results in Figure 6 , the distributions of the sound radiation in Figure 7 are larger in circumferential differences. The peak angle of the sound radiation, which refers to the azimuth of the maximum sound pressure level, has a shift from ψ = 192 • to ψ = 180 • . It is clear that the results in frequency domain are more complex, and the frequency components related with f o take the dominant positions in the vibration of the bearing. The frequency components related with f r still exist in the result, but the amplitudes are obviously lower. The spalling brings changes to the dynamic model, and thus leading to the change of sound radiation. Therefore, it can be concluded that the spalling makes great impact on the sound radiation of the hybrid ceramic ball bearing, and the location of the spalling is included in the distribution of the sound radiation.
IV. CASE STUDIES
It has been proved that the appearance of the spalling leads to changes in the distribution of sound radiation, and the changes are related with the location of the spalling. Here the outer ring is divided into three parts, the unloaded zone, the forward loaded zone and the backward loaded zone. The unloaded zone refers to the upper 2/3 of the circumference, and the spalling is located in the unloaded zone when 0 • < φ s < 210 • and 330 • < φ s < 360 • . The forward loaded zone refers to the part of the loaded zone in the side of rotation direction, with the angle of 210 • < φ s < 270 • , and the backward loaded zone refers to the other part of the loaded zone with the angle of 270 • < φ s < 330 • . The division of each section is shown in Figure 8 .
A. SPALLING IN THE UNLOADED ZONE
First the case that the spalling occurs in the unloaded zone is studied. Two situations when φ s = 30 • and φ s = 150 • are analyzed, and the sound radiations are calculated respectively. The size of the spalling is θ s = 4 • . The working condition parameters are the same as the numerical simulation, and the other sources of interference are ignored. The arrangement of the field points is the same as in Figure 5 , and there are 60 points on each circle with an angular interval of 6 • . The diameters of the field point circles are 60mm, 260mm and 460mm, and the time-domain RMS results of the sound radiation are shown in Figure 9 .
Compared with the results of a healthy bearing in Figure 6 (a), the results have obvious peaks at ψ = 60 • and 300 • , and the differences are not obvious in other angles. The angles of ψ = 60 • and 300 • correspond to the azimuths of φ s = 30 • and 150 • respectively, indicating that the spalling in the unloaded zone has a significant impact on the sound radiation, especially at the corresponding angle. However, the spalling is hardly recognized from the near field sound signals such as d = 60mm, because the near-field sound pressure levels in the unloaded zone are smaller than those in the loaded zone. In the unloaded zone, the load from the inner ring is not carried by the balls, and the sound radiation mainly comes from the friction between the balls and the outer ring. While in the loaded zone, where the load is carried by the balls, the balls are in contact with the inner ring and the outer ring simultaneously. Therefore, the circumferential sound radiation in the near field is not enough. It can be seen in Figure 9 that the sound pressure level at the spalling azimuth has less attenuation than at the nearby angles with the increase of d, and shows a clear directivity. When the attenuation in radial direction is considered, an indicator can be expressed as
where d min and d max are the minimum and maximum field points diameters, and here are 60mm and 460mm. The circumferential attenuation when φ s = 30 • and 150 • are shown in Figure 10 . As shown in Figure 10 , the attenuation values are relatively small at the spalling azimuths, but are not global minimums for recognition. The localization of the spalling is not accurate enough using the time-domain sound pressure levels, and more information in frequency domain is needed. It can be seen from Figure 9 and Figure 10 that the sound pressure levels at around 180 • are larger than those at the spalling angles, and here the frequency results at the spalling angles and ψ = 180 • with d = 60mm are analyzed. The results are shown in Figure 11 .
It can be seen in Figure 11 that the frequency components are not the same at different azimuths. At the spalling azimuths in Figure 11 As shown in Figure 12 , the amplitudes of f o arrive at the peak values at the spalling azimuths. However, the differences between the values of the spalling azimuths and the adjacent angles are less than 1 dB, which is insufficient for the accurate recognition. As a result, an indicator with more obvious distinction is needed as a supplement for the accurate localization. When the radial attenuation of S(f o ) is considered, the indicator can be expressed as
where S(f o , ψ) shows the radial attenuation of the amplitude of f o at the azimuth of ψ. When the diameter of field points changes from 60mm to 460mm, the radial attenuation with φ s = 30 • and φ s = 150 • are respectively shown in Figure 13 (a) and (b). As shown in Figure 13 , the radial attenuation S(f o ) has an obvious decrease at the spalling azimuth. The radial attenuation of amplitude of f o is not only a remarkable local minimum at the spalling azimuth, but also a global minimum in the circumference. It can be inferred that the characteristic frequencies of the spalling still exist in the far-field sound radiation, and the attenuation of the sound radiation is not obvious in the direction of the spalling. Then the location of the spalling can be clearly recognized from the result, and is of good accuracy.
The Table 2 .
It is clear that for the case that the spalling is located in the unloaded area, the indicators S(f o , ψ) and S(f o , ψ) are more suitable for the spalling localization.
B. SPALLING IN THE FORWARD LOADED ZONE
When a spalling is located in the loaded zone, changes occur to the contact between the loaded balls and the rings. First the case that the spalling is located in the forward loaded zone is discussed. Assuming that there is a spalling located at φ s = 240 • , which correspond to ψ = 210 • , and the size of the spalling is 4 • . The working parameters and field points arrangement are the same as Section 4.1, and the circumferential distribution of the sound radiation is shown in Figure 14 .
According to the results of a healthy bearing in Figure 7(a) , the peak value for the sound radiation appears at around 192 • . When the spalling is located nearby, there will be only one peak in the superposition result, and the peak has a shift towards the spalling direction. As a result, there is only one obvious peak in the circumference in Figure 14 , which is different from the case of the unloaded zone. The directivity of the sound radiation curve turns clearer with the increase of field point diameter, and the radial attenuation of the sound radiation is shown in Figure 15 .
As shown in Figure 15 , the radial attenuation of the sound radiation has an obvious decrease between 186 • and 210 • , and the minimum value appears at 204 • . The localization error is acceptable, however, the difference between 186 • and 210 • is very small, and the localization result is easily affected when the working condition changes. Then the results in frequency domain is obtained through FFT, and the results of S(f o ) and S(f o ) are shown in Figure 16 . In Figure 16(a) , the frequency component of f o stays at high levels from 180 • to 216 • , indicating that the sound radiation is greatly affected by the spalling, and the f o component has a large radiation range in the near field. In that case, the differences among the azimuths close to the spalling are small, thus bringing difficulty in the accurate localization of the spalling. However, the sound radiation has directivity, and the attenuation of the frequency components are different in the radial direction. Therefore, as the field point diameter increases, the amplitude of f o has less decline in the direction of the spalling, and then the spalling azimuth can be clearly recognized through the radial attenuation of S(f o ), as shown in Figure 16(b) . The effects of the indicators when φ s = 240 • are shown in Table 3 .
The errors of the localization using the indicators in Table 3 reach up to 12 • , and the localization seem to be passable by all the four indicators. However, the small errors are due to the fact that the spalling is located in the forward loaded zone, and is not far from the original peak angle of the sound radiation. In this case, the original peak angle of the sound radiation is ψ = 192 • , and the spalling is located at ψ = 210 • . The angle difference is only 18 • , and the peak value of the sound radiation with spalling is between the two angles, which brings difficulty in the accurate localization of the spalling. When S(ψ) or S(f o , ψ) is selected as the indicator, the minimum difference between the adjacent values is below 0.15 dB, and the localization result is not able to be clearly recognized. When S(f o , ψ) is applied as the indicator, the minimum difference between the adjacent values is over 1.4 dB. Therefore, the indicator is more suitable, and the localization result is more credible.
C. SPALLING IN THE BACKWARD LOADED ZONE
At last the case of backward loaded zone is considered, and the spalling is located at φ s = 300 • with θ s = 4 • . The corresponding azimuth for field points is ψ = 150 • , and the field points are arranged in the same way as the former sections. The working condition parameters stay unchanged, and the other interference brought by the shape errors are ignored. The circumferential distribution of the time-domain sound pressure levels at d = 60mm is shown in Figure 17 .
In this case, the spalling is also located in the loaded zone, but the interval between the spalling azimuth and the original peak angle is larger. According to the model proposed above, impact sound radiations are produced when the balls pass the spalling, and the sound pressure levels in directions between the spalling and the original peak angle are obviously affected. As a result, the near field sound radiation is at high levels in a wide range between the spalling azimuth and the original peak angle, as displayed in Figure 17 . Compared with the results in Figure 9 and Figure 14 , there is no obvious peak in the circumferential distribution. When the diameter of the field points increases, two local maximum values appear at around 150 • and 186 • , and the sound pressure levels at the azimuths between the two angles have greater declines. The radial attenuation of the sound radiation is shown in Figure18.
As shown in Figure 18 , the radial attenuation has two local minimums at 162 • and 192 • . The attenuation at the spalling azimuth is among the smaller values, but is not able to be recognized from the curve. The frequency domain information is needed to localize the spalling, and the circumferential values of S(f o ) and S(f o ) are shown in Figure 19 .
According to the recognition principles proposed above, the localization results by S(f o ) and S(f o ) are 150 • , and both results match well with the model. It is implied that the frequency component of f o is more concentrated in the sound radiation near the spalling, and the position of the spalling can be more accurately localized through the frequency results. The effects of the indicators when φ s = 300 • are shown in Table 4 .
It is shown in Table 4 that the localization strategies by indicators of S(f o ) and S(f o ) can meet the requirement, however, the recognition of the results are of different clarity. The localization result in Figure 19 (a) is recognized in a difference of less than 0.1 dB, while the amplitude of the localization result in Figure 19 (b) has an advantage of about 2 dB. Therefore, the recognition by S(f o ) is clearer. In general, it can be concluded from the above cases that the frequency results are essential for the localization of the spalling, and the radial attenuation of the characteristic frequency of the spalling, S(f o ), is more suitable for the localization. According to the investigations conducted above, the localization strategy of the spalling can be expressed as in Figure 20 .
As shown in Figure 20 , a series of measuring points with an appropriate circumferential and radial distribution are needed for the localization of the spalling, and a reference point is needed to check if there is a spalling in the bearing. When a spalling is detected from the frequency results at the reference point, the frequency-domain results in the circumferences are obtained through FFT. Then the radial attenuation of the amplitudes of f o from the smallest circle to the largest circle are calculated, and the minimum azimuth for S(f o ) can be acquired as the localization result of the spalling.
V. EXPERIMENTAL INVESTIGATIONS
An experimental investigation is designed here for the verification of the localization method, and the experiment is conducted on the ceramic motorized spindle test rig. The hybrid ceramic ball bearings are installed at both ends of the spindle, and the type of the bearing is 7003C. To simulate the fault of spalling, a through hole with a diameter of 1mm is processed on the outer ring. In the proposed model in Figure 3 and 4, the balls pass the spalling area without touching the bottom of the spalling, and the same situation happens in the experiment when a through hole is made on the outer ring. The bearing at the front end of the spindle is a fault bearing with a outer ring spalling at φ s = 270 • , and the bearing at the rear end is a healthy bearing. The rotation speed of the bearing system can reach up to 60000 rpm, and can be controlled manually, as shown in Figure 21 .
The type of the acoustic sensors in Figure 21 is BSWA MPA416, and the sensitivities of the sensors vary from 48.5 mV Pa −1 to 50 mV Pa −1 . The data collector applied is PAK MK II-SC42, and the sampling frequency is set as 5000Hz. The measuring points are arranged 100mm from the front bearing, and a microphone array is set to guarantee the positions of the acoustic sensors. The microphone array can rotate around the center, and get the circumferential distribution of the sound radiation. The rotation speed of the bearing is set as 15000rpm, and the axial preload and radial load are 200N and 100N, respectively. The ambient temperature is 25 centigrade, and the background noise is below 40dB. The circumferential distribution of the experimental sound radiation results are shown in Figure 22(a) . Then the frequency result at the center point is obtained through FFT, as shown in Figure 22(b) . After that, the amplitudes of f o in the circumferences of d = 60mm, 260mm and 460mm are counted respectively, and the trend of S(f o ) is shown in Figure 22 (c).
It can be seen from Figure 22 (a) that the differences between the sound pressure levels between azimuths of 180 • and 204 • are not so obvious, and it is hard for the recognition or localization of the spalling from the circumferential distribution of the sound pressure levels in the near field. Compared with the results in Figure 7 (a), the results in Figure 22 (a) are less regular, and the errors between the calculated and experimental results are acceptable. The errors come from the interference of the sound radiation from the other bearing and the motor, and are not obvious compared with the sound radiation from the bearing with spalling. The frequency-domain result in Figure 22 (b) has shown that there are not only rotation speed-related frequency components in the sound radiation at the center, but also the frequencies related with the spalling. The frequency components are similar as Figure 7(b) , indicating that the spalling makes great contribution to the overall sound radiation. When the radial attenuation of the amplitudes of f o is obtained, it can be seen clearly that S(f o ) has an obvious global minimum at ψ = 180 • , which is in correspondence to the spalling location of φ s = 270 • . The recognition of the result is quite clear, and the localization result is proved to be in consistence with the actual position of the spalling.
It can be indicated from the cases above that the location of the spalling is hardly seen from the sound pressure levels in the circumference, and the frequency domain information is crucial. Good results are achieved when the amplitude of f o is set as the indicator, however, the differences between adjacent values are so small that the results are not clearly recognized. The amplitude of S(f o ) shows the minimum value at the spalling location, and the indicator of S(f o ) is of high accuracy for the localization of the spalling on the outer ring. The accuracy depends on the number and angular intervals of the sensors, and the localization comes with good effect when the number of measuring points arrives at 60 in a circumference, as shown in the simulations and experiment.
VI. CONCLUSION
The localization methods for the spalling on the outer ring of a hybrid ceramic ball bearing are discussed in this paper, and the characteristics in the sound radiation are investigated based on the dynamic model. It is found that the spalling makes great impact on the circumferential sound pressure levels of the hybrid ceramic ball bearing, and the frequency components also change as the spalling occurs. When there is a spalling on the outer ring, some extra frequency components related with the spalling raise in the frequency results. The frequency components are not fully reflected in the timedomain RMS results, and therefore it is of poor accuracy to localize the spalling through the circumferential distribution of the sound pressure levels. The characteristic frequency of the spalling, f o , is found to make great contribution to the sound radiation near the spalling. It is found that the radial attenuation of the amplitude of f o , S(f o ), varies in different angles, and arrives at the global minimum at the spalling azimuth. The localization results with the indicator of S(f o ) match well with the model, and the localization strategy is proved of high accuracy through the experiment. This study provides a new method for the accurate localization of the spalling on the outer ring, and is of great significance for the status monitoring and fault diagnosis of hybrid ceramic ball bearings.
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